Purpose of review The quantity of tissue removed during an oncologic surgical procedure is not standardized and there are numerous reports of local recurrence despite histologically adequate resection margins. The oral cavity is one of the sites in the head and neck with high chances of recurrence following negative margins. To address this need, this article reviews the recent applications of Dynamic Optical Contrast Imaging (DOCI) towards both oral screening and the intraoperative evaluation of tumor margins in head and neck surgery.
INTRODUCTION
The prognosis for patients with oral cavity squamous cell carcinoma (OSCC) is largely determined by the stage of disease at clinical presentation [1] [2] [3] . Patients diagnosed with advanced OSCC have shorter survival times (5-year mortality, 85, 75, 47, and 35 among patients diagnosed as having distant, regional, local, and in-situ cancer, respectively) and higher costs (average total hospital payments, $53 741, $58 387, $42 698, and $37 434, respectively) [4] . Despite medical advances in the management of OSCC, the global incidence, morbidity, and mortality associated with this disease remains relatively unchanged over the past three decades [4] [5] [6] [7] . One of the major factors accounting for these dismal reports is that over 60% of OSCC cases are detected at a late stage (III or IV), when diagnostic evaluation, treatment, and management of complications and recurrences are often lengthy, complex, and burdened by poor outcomes [6, 8, 9] .
The primary surgical management of OSCC (successful whenever diagnosed at earlier stages) may result in significant functional morbidity; impairments in speech, swallowing, taste, smell, and has the potential to greatly affect the quality of life in these patients [1, 10] . Unfortunately, surgeons are only equipped with their natural senses of sight and physical touch to localize the contours of a tumor followed by limited frozen section biopsy to establish 'clean margins' [11] [12] [13] . Consequently, the determination of tumor margins by palpation and visual inspection has led to recurrence rates of 25-50% [14, 15] . These challenges substantiate both a clinical need for improved screening and a surgical need for intraoperative guidance to localize tumor margins.
In order to address these challenges, our lab has developed a novel optical image-guided technology termed dynamic optical contrast imaging (DOCI). This review focuses on the recent applications of DOCI towards both preventive oral screening and also tissue identification in the intraoperative setting for margin control in head and neck oncologic surgery.
DYNAMIC OPTICAL CONTRAST IMAGING: SCREENING FOR ORAL CANCER
The prognostic implications of diagnosis and treatment of early intraepithelial stages of OSCC carcinogenesis have already shown to be highly significant because of the high survival rates (80%) of patients diagnosed with early OSCC [16] . Early screening of precancerous oral lesions has the potential to minimize the progression of these lesions to frank carcinoma. Thus, improvements in early detection would allow for frequent patient monitoring, dietary changes (i.e. tobacco and alcohol use), and timely lesion excision, thus maximizing patient survival.
In the current OSCC literature, screening (i.e. detection) and case-finding (i.e. diagnosis) have often been mistakenly used interchangeably in epidemiological studies designed to detect precancerous oral lesions in the patient population [17] . Screening should always be evaluated with respect to sensitivity, specificity, and predictive values. Such analysis requires that the test outcome from a sample of individuals be compared with the results of an appropriate gold standard (i.e. diagnosis as confirmed by histology of the biopsy) on the same population [17] . Currently, the sensitivity of biopsy is uncharacterized as false-negative rates (the probability of missing a lesion) cannot be determined unless the entire anatomic site (e.g. entire tongue) is submitted for histologic sectioning following tissue biopsy ( Fig. 1) informed by clinical indication [1, [18] [19] [20] . Similarly, current specificity rates are unknown as true-negative rates (probability of correct rejection) are not accurately tested and falsepositive rates (probability of false-positive) are not always tabulated at the time of biopsy. For this reason, the reported sensitivity and specificity of the following OSCC screening techniques vary significantly and may not be easily compared.
The existing standard of OSCC screening is conventional oral examination (COE) that can be followed by biopsy [1, 21] . The clinician is limited in the visual identification of precancerous and early-stage OSCC lesions with COE because of the difficulty of differentiating harmful lesions from similar-looking benign lesions. Precancerous oral lesions are often asymptomatic and vary greatly in their clinical appearance and often lack clinical characteristics and biomarkers associated with advanced OSCC (e.g. ulceration, induration, and bleeding) [22] [23] [24] .
KEY POINTS
DOCI is a wide-field imaging technique that produces spatially resolved and disease-specific maps of tissue.
The imaging modality enables differentiation of inflammation from cancerous mucosal change and may be used for patient screening.
The system produces real-time images that may permit intraoperative guidance for tumor margin delineation in surgery.
Image resolution of ex-vivo specimens permitted optical characterization of tissue histology. FIGURE 1. Sampling error associated with biopsy. 'C,' 'P,' and 'N' denote cancerous, precancerous, and normal tissue in the oral cavity. The site biopsied may not be representative of neighboring tissue in the field of evaluation (dotted grey region), and therefore, measured sensitivity and sensitivity is often incomparable.
Improvements in the real-time differentiation between different tissue types would represent a considerable advancement towards improving surgical decision-making (i.e. biopsy selection), and thus, patient outcomes.
DOCI is a technique that enables macroscopic delineation of abnormal from normal tissue based on the temporal decay of endogenous fluorophores after excitation [25 && ,26 && ,27 & ]. This fluorescence decay (i.e. lifetime) is a fluorophore-specific characteristic that is not influenced by the local concentration of fluorophores, the optical path, the local excitation intensity, or the local fluorescence detection efficiency (which is not possible in autofluorescence imaging) [28] . The intrinsic contrast mechanism accessed by DOCI parallels fluorescence lifetime imaging microscopy (FLIM), in which the endogenous fluorophore lifetime of tissue is probed by illumination with a pulsed, longwave ultraviolet light source [26 && ]. In comparison with FLIM, DOCI produces pixel values that are proportional to the aggregate fluorophore of the probed tissue without the requirement of fitting acquired data to complex mathematical models through a unique image frame normalization scheme [26 && ]. The avoidance of mathematical complexity in calculations enables scalable mapping of fluorophore lifetimes over macroscopic (not microscopic) fields of view with high contrast to noise ratios in a relatively short time frame (<60 s image-acquisition time) with all pixels acquired simultaneously. This capability contrasts with autofluorescence imaging, wherever optical tissue properties (e.g. absorption and scattering) markedly influence image quality [17, 28, 29] . The benefit of this technology is a potential decrease in the sampling error of biopsy and a subsequent improvement in the discriminatory power between normal and abnormal tissue. This capability may allow the provider to biopsy lesions that appear higher risk and make appropriate referrals to specialists.
Recent investigations in both human ex-vivo and in-vivo specimens demonstrate the ability of this technique to generate statistically significant contrast between tumor tissue and surrounding normal tissue in biopsies taken from OSCC patients [26 && ]. In addition, a recent in-vivo pilot study suggests the capability of delineating differences between precancerous and normal tissues (Fig. 2) . Collectively, the preliminary data indicates the potential utility of DOCI for early OSCC screening. Furthermore, the DOCI images reveal detailed tissue characteristics that are confirmed by histology but not visible to the naked eye alone [26 && ].
DYNAMIC OPTICAL CONTRAST IMAGING: INTRAOPERATIVE ASSESSMENT OF TUMOR MARGINS
A pilot in-vivo study of 15 consecutive patients undergoing surgical resection for OSCC was performed to evaluate the diagnostic utility of DOCI in the intraoperative detection of OSCC [30] . Biopsy-proven squamous cell carcinoma neoplasms were obtained from the following head and neck sites and subsites: auricle, parotid, scalp, oral cavity, oropharynx, hypopharynx, and neck. All specimens were imaged with the DOCI system prior to resection. Following tumor ablation, specimens were immediately sectioned into multiple fresh samples containing tumor and contiguous normal tissue of suspect lesions and submitted for histological assessment. Areas of neoplasm were then confirmed by a pathologist (blinded to the DOCI image results) and relative lifetime values were computed independent of pathologic diagnosis.
In-vivo DOCI images demonstrated contrast between OSCC tissue and the surrounding normal tissue (Fig. 3) . The DOCI image color map transforms blue to the global minimum relative decay lifetime and red to the maximum relative decay lifetime. A reduced DOCI pixel value indicates a more rapid decay of fluorescence signal, indicating an overall shorter lifetime. 
DYNAMIC OPTICAL CONTRAST IMAGING: HISTOLOGIC TISSUE CHARACTERIZATION
The aggregate fluorophore decay time that describes pixel values in DOCI images may also potentially be used to accurately and rapidly distinguish histologically verified tissue components. DOCI was performed in a large trial of fresh ex-vivo OSCC biopsies (45 patients; 88 individual samples) to further investigate this hypothesis [25 && ]. As DOCI images are acquired from the epithelial surface in vivo, DOCI images of ex-vivo specimens acquired along the same imaging plane are clinically relevant and revealed details on tissue structure/type that are not evident on gross examination (Fig. 4) . Ex-vivo tissue and corresponding histology were sectioned parallel to the imaged plane and epithelial surface to capture both cancerous and adjacent stroma. Differences in relative lifetimes were reported between areas of tumor, fat, muscle, and collagen that were assessed with DOCI [25 && ].
DOCI lifetime mapping produced statistically significant differences in contrast between all four tissue types under investigation (tumor, fat, muscle, and collagen) across most emission wavelengths. A decrease in fluorescence lifetime was observed in malignant tissue that is consistent with the short lifetimes reported for biochemical markers of tumors as well as previous ex-vivo and in-vivo published work [29, [30] [31] [32] . Statistical significance by Wilcoxon rank-sum test (P < .05) between muscle and tumor was established for 10 of 10 emission wavelengths, between collagen and tumor for 8 of 10 emission wavelengths, and between fat and tumor for 2 of 10 wavelengths [25 && ]. This study, thus, demonstrated the feasibility of DOCI to accurately distinguish OSCC and surrounding normal tissue and its potential to maximize the efficacy of surgical resection.
FUTURE DIRECTIONS
In initial surgical use, DOCI images may be acquired immediately after tumor resection but before frozen-section biopsies as an image-guided marginbiopsy system. Local recurrences occur in up to 50% of head and neck cancer patients even with histologically negative margins by frozen section [33] . This may in part be a byproduct of the frozen-section technique; only representative areas of the tissues at risk are sampled, resulting in geographical misses of positive margins located in nonsampled tissue regions. Potentially, imaging the tumor bed after resection can minimize the sample bias. The process of DOCI imaging and the generation of decay maps requires less than a minute and is much faster than intraoperative frozen section analysis, a process that not only adds 20-30 min to anesthesia time but also is costly (averaging $500 per sample) [34] . DOCI could potentially increase tumor resection accuracy, decrease operation time, and decrease costs associated with random-sample frozen sections.
Following the validation of DOCI in clinical trials, the system can be further optimized by upgrading the imaging core, resulting in an inexpensive, compact, lightweight, and more efficient device. Interchangeable lens systems will be designed for endoscopic, transoral, and open head and neck dissection applications with each configuration providing a large field of view (FOV). These improvements are designed to integrate DOCI into the standard of care by helping guide the intraoperative assessment and staging of cancers in the head and neck.
CONCLUSION
The introduction of real-time DOCI imaging will advance patient screening and intraoperative tissue localization by providing surgeons with spatially resolved and disease-specific maps of tissue. DOCI is a wide-field technique that images large surgical fields in real-time without disrupting the normal workflow in the operating room. In contrast to other imaging modalities, DOCI is well tolerated, as it does not utilize ionizing radiation, and also avoids the use of dyes or injection of radioactive material. In addition, the visual output of the instrument does not demand special training or experience to interpret. In conclusion, our novel technology augments tissue contrast and enable surgeons to clinically screen patients for oral cancer, make histologic evaluations in vivo with fewer unnecessary biopsies, delineate clinical margins for tumor resection, provide guidance in the choice of biopsy sites, and preserve healthy tissue to increase the postoperative functionality and quality of life of the patient. 
